ABSTRACT: This study was conducted with the objective to validate a rumination monitoring system (RMS). The RMS was developed by SCR Engineers Ltd. (Netanya, Israel) to record individual rumination times in commercial dairy herds. Four heifers were fed 4 forage types at 3 feeding levels in 4 periods in a Latin square design. The forage types were spring growth of grass/clover harvested early (May 9) and late (May 25) conserved as silage and hay, creating 4 forage types: early harvest silage (ES), early harvest hay (EH), late harvest silage (LS), and late harvest hay (LH). Feeding levels were ad libitum, 90% of ad libitum, and 60% of ad libitum. Data were collected for 24 h at ad libitum feeding level, for 96 h at 90% of ad libitum, and for 24 h at 60% of ad libitum. Rumination time was recorded by the RMS in minutes per 2-h interval (RT RMS2_i ) and per 24-h interval (RT RMS24 ). As a reference method, rumination time was recorded by chewing halters identifying rumination time by jaw movements (JM) and was accumulated into minutes per 2-h interval (RT JM2_i ) and per 24-h interval (RT JM24 ) over the same time intervals as RT RMS2_i and RT RMS24 . Differences between RT RMS2_i and RT JM2_i were observed for EH, LS, and LH, with differences of 3.4 (P < 0.001), 1.1 (P = 0.03), and 3.3 (P < 0.001) min per 2-h interval. In addition, feeding restrictively at 90% and 60% of ad libitum resulted in greater rumination time recorded by the RMS compared to JM, with differences of 2.6 min per 2-h interval (P < 0.001) for 90% of ad libitum and 1.6 min per 2-h interval (P = 0.01) for 60% of ad libitum. Further, the differences between rumination times recorded by the RMS compared to JM were different among the 4 heifers. Despite these effects, rumination time recorded by the RMS correlated well with rumination time recorded by JM with correlation between RT RMS2_i and RT JM2_i of r = 0.91 (P < 0.001) and between RT RMS24 and RT JM24 of r = 0.79 (P < 0.001).
INTRODUCTION
Rumination activity is driven by the intake of physically effective fiber (peNDF; Mertens, 1997) and serves the purpose of comminuting forage particles for further digestion and utilization in the digestion system (Sjaastad et al., 2003) . Furthermore, rumination activity facilitates the secretion of alkaline saliva, which neutralizes and buffers the fermentation products in the rumen (Owens et al., 1998) . Different methods for quantifying chewing time by recording jaw movement activity have facilitated registration of rumination time on several animals for longer periods, compared to visual observations of rumination activity Dado and Allen, 1993; Nørgaard and Hilden, 2004) . Considering visually observed rumination time as the reference value, rumination time recorded by equipment registering jaw movements correlated well (r ≥ 0.89; Dado and Allen, 1993) . However, these methods are only suitable for research facilities. Recently, a rumination monitoring system (RMS) was developed for use in commercial dairy herds (SCR Engineers Ltd., Netanya, Israel) . This system enables recording of daily rumination time by sound pattern of regurgitation and chewing and processes this to rumination time in minutes within a 2-h interval. Validation of the RMS has been performed using visual observed rumination time as the reference value, with correlations of r = 0.96 for a group of close-up, fresh, and far-off cows and r = 0.92 for close-up cows only, on the basis of 2-h interval recording (Schirmann et al., 2009) . However, there is no knowledge of how accurately the RMS records rumination time during consecutive hours and when feeding forages of varying NDF content. Therefore, the objective of this study was to validate the RMS at 2-h and 24-h intervals against rumination time values from recorded jaw movements (JM) when different types of conserved grass/clover crops were fed at 3 feeding levels.
MATERIALS AND METHODS

Heifers, Housing, and Experimental Design
The trial was approved by the Research Animal Ethics Committee (the Animal Protection Law, the Danish Ministry of Justice). The trial was conducted using 4 ruminally fistulated 3-yr-old Jersey heifers with an average initial BW of 435 ± 30 kg. The heifers were housed in individual tie stalls embedded with rubber mats with free access to water bowls. The heifers were fed in individual feed troughs with half the daily feed ration at 0800 h and half at 1530 h. To accommodate mineral requirements, salt blocks embedded with minerals were available during days without data collection. The heifers were assigned to 4 different forage types with 4 experimental 21-d periods in a 4 × 4 Latin square design. Additionally, 3 feeding levels were applied within each period.
Feeding Management
From d 1 to 11 in each experimental period, the heifers were adapted to the forage with ad libitum feeding of the forages allowing approximately 10% orts. From d 12 to 20 the heifers were restricted to 90% of individual ad libitum intake, and on d 21 the heifers were restricted to 60% of ad libitum intake. The ad libitum intake for the individual heifers, from which feeding levels of 90% and 60% of ad libitum were calculated, was based on the mean daily intake from 7 consecutive days within each adaptation period. Regardless of feeding level, the feed intake and orts were recorded daily. Ad libitum feeding level was based on the individual intake for each heifer and each period on the specific day of data collection.
Forages
The forage was a spring growth grass/clover crop, consisting of a mix of ryegrass (Lolium perenne), red clover (Trifolium pratense), and white clover (Trifolium repens). The crops were harvested at 2 stages of maturity and preserved as either hay or silage. Early harvest grass/ clover crop was harvested on May 9, 2009 (Early), and late harvest grass/clover was harvested on May 25, 2009 (Late) . Half of each batch of the crop was prewilted for 2 to 3 d, chopped to a theoretical length of 19.2 mm, and afterward ensiled in bales wrapped in 11 layers of 25-μm plastic. The rest of the early and late cut grass/clover crop batches were further wilted in the field to approximately 70% DM, moved to a barn for further drying to hay, and finally baled in round bales. No chopping was performed on the crop conserved as hay. Accordingly, 4 different forage types were produced: early harvest silage (ES), early harvest hay (EH), late harvest silage (LS), and late harvest hay (LH). For every forage type, regardless of conservation method and harvest time, a sample was taken from each bale and analyzed for feed composition.
Rumination Recording Methods
Rumination activity was simultaneously recorded by use of the RMS (sold as Qwes HR by Lely Scandinavia, Kolding, Denmark) and by a chewing halter method recording JM (Nørgaard and Hilden, 2004) . Data on rumination time from both methods were collected for 24 h at ad libitum and 60% of ad libitum feeding levels and for 96 h at the 90% of ad libitum feeding level, generally starting before morning feeding.
The RMS consists of sensors recording rumination on individual animals. Data were collected by a handheld antenna twice daily from the sensor unit. The sensor unit includes a microphone, a transponder, and a microprocessor embedded in a protective plastic cover. The sensor unit is fixed to the left side of the neck of the animal by a nylon collar, positioned within the area approximately 5 to 10 cm from the upper neck line and 20 cm behind the left ear. To prevent the collar from rotating, a weight brick is placed ventrally in the collar. Individual rumination times recorded by the RMS are displayed in minutes per 2-h interval at whole hours by the software system, e.g., 1200 to 1400 h. Each sensor unit stores data for the 11 previous 2-h intervals while logging data for the 12th interval. If data have not been collected from each sensor for more than 22 h, then data are overwritten. However, each sensor has an individual time stamp (T RMS2_i ) defining time of initiation of the ith 2-h interval for each 24-h interval of recording (i = 1 to 12). In this trial within each individual T RMS2_i , rumination time was displayed in minutes per 2-h interval (RT RMS2_i ). The T RMS2_i and RT RMS2_i val-ues were provided by Lely Industries (Maassluis, The Netherlands). Each heifer was fitted with the same sensor units for each experimental period, alternating between 2 sensor units per heifer, using 8 sensor units in total during the trial.
Rumination time was additionally recorded by JM using a chewing halter unit and modified GigaLog F logger (Controlord, La Farlede, France) for each heifer (Nørgaard and Hilden, 2004) . The recording of rumination time by identifying JM in cattle has been found to record rumination activity accurately . Each chewing halter unit sampled JM oscillation values at 20 Hz. The individual JM was identified from the JM oscillation values according to the principles described by Nørgaard and Hilden (2004) . The JM were clustered into chewing cycles while filtering out periods of eating, idling, or licking using the principles described by Schleisner et al. (1999) . The identified rumination activity by JM was validated by continued live visual observation and recording of initiation and termination of rumination behavior during 4 h/d at the 90% and 60% of ad libitum feeding levels during the hours from approximately 1000 to 1400 h and from approximately 0400 to 0800 h, respectively. Each rumination cycle (RC) was defined as the time interval between 2 feed boluses. A basic chewing rate value was estimated for each RC. The effective rumination time within the jth RC was estimated as the time from the first JM to the time of the last JM plus 1/basic chewing rate subtracting the intercycle time, as described by Nørgaard and Hilden (2004) .
Comparison of Rumination Recording Methods
To compare the rumination recording methods, the effective rumination time measured by JM was classified into the ith T RMS2_i 2-h intervals within the T RMS2_i to T RMS2_i+1 time interval. The accumulated effective rumination time values within each T RMS2_i 2-h interval were termed RT JM2_i . The effective rumination time within each T RSM2_i were grouped into rumination bouts (RB), defined by recording of the JM. A new RB was defined to start after a time lapse of 300 s from the end of the last RC or after identified eating behavior. If a RB overlapped T RMS2_i and T RMS2_i+1 , initiation of T RMS2_i+1 was associated with the beginning of a new RB (Fig. 1) . The accumulated number of RB within each 2-h interval was calculated and clustered into 5 categories; 1, 2, 3, and ≥4 bouts per 2-h interval and zero bouts when RT RMS2_i > 0 and RT JM2_i = 0. The accumulated 12 RT RMS2_i and RT JM2_i values from a morning meal to the next morning meal were termed RT RMS24 and RT JM24 , respectively. The T RSM2_i values within the time span from 0600 to 1000 and 1500 to 1800 h, within 1000 to 1500 h, and within 1800 to 0600 h were termed Feeding time, Daytime, and Nighttime, respectively. The RT JM2_i was considered the reference value of individually recorded rumination time. Consequently, validation of the RMS was performed using the difference between rumination time recorded by RMS and JM at 2-h intervals (Diff 2 = RT RMS2_i − RT JM2_i ) and 24-h intervals (Diff 24 = RT RMS24 − RT JM24 ) as the dependent variable. Breakage of the sensor recording JM or incorrect recording of JM, resulting in lack of recording of JM, resulted in elimination of the specific T RMS2_i and the corresponding RT JM2_i , RT RMS2_i , and Diff 2 values. Consequently, lack of 1 or more T RMS2_i resulted in elimination of the Diff 24 for the specific day. To ensure that all 4 heifers were represented within the analysis for RT JM24 , RT RMS24 , and Diff 24 , the analysis was only performed on data at the 90% of ad libitum feeding level. Recording of rumination time by JM was used as the reference value and thereby was considered as the true value of rumination time. Consequently, careful checking of initiation and termination of rumination behavior identified by the JM recording method was performed by visual detection of JM patterns.
Statistical Analysis
All statistical analysis of the data was performed in SAS 9.2 (SAS Inst. Inc., Cary, NC). The intake of DM (kg) and NDF (g/kg DM) was analyzed by approximate F tests using the MIXED procedure by a model consisting of Y i = μ + a(HT i ) + b(CM i ) + c(P i ) + d(HT i ,CM i ) + A(H i ) + ε i , where Y i is the dependent variable, μ is the overall mean, a(HT i ) is the fixed effect of harvest time (HT = early, late), b(CM i ) is the fixed effect of the conservation method (CM = silage, hay), c(P i ) is the fixed effect of experimental period (P = 1 to 4), d(HT i ,CM i ) is the 2-way interaction between harvest time and conservation method, A(H i ) is the random effect of heifer (H = 1 to 4), and ε i is the random error term. The differences Diff 2 and Diff 24 provide a paired analysis of the RMS and the JM recordings. This pairing to a large extent removes the serial correlation over the time intervals, and for this reason Diff 2 and Diff 24 were analyzed by F tests using the GLM procedure with the following model: is the 3-way interaction between period, heifer, and day, l(NW i ) is the effect of NDF intake per kg BW (covariate), m(N i ) is the effect of the number of RB per 2-h interval (covariate), and ε i is the residual error term. The experimental design for Diff 2 was considered a 3-factorial strip split-plot design with forage type (block), feeding level (plot), and time of day (strip plot). The dependent variable, Diff 24 , was analyzed using the following model:
e(HD ) f(PH ) g(FD ) h(NW) .
The experimental design for analyzing Diff 24 values was considered a split-plot design with forage type as block and feeding level as plot. For all models the main effects and interactions were claimed to be significant at P < 0.05, and all nonsignificant effects were removed from the final model. Pearson's correlation coefficient was used to determine the correlation between rumination time recorded by JM and RMS at 2-h and 24-h intervals.
RESULTS AND DISCUSSION
Forages and Feed Intake
Numerically comparing differences between the mean DM and NDF content showed that ES had a greater DM content compared to the LS (Table 1) . The EH and LH had similar DM content. The NDF content was generally greater in hay compared to silage within each harvest time, which might be explained by the loss of leaves during wilting, increasing the stem fraction of the plant. Between harvests, the NDF content was greater for the late harvested grass/clover, explained by the development in the stage of maturity for the later harvested crop, increasing the stemto-leaf ratio (Moser and Jennings, 2007) .
The daily DMI was greater (P ≤ 0.008) for early harvest grass/clover compared to late harvest grass/clover, regardless of feeding level (Table 2) . Numerically, the greatest DMI was found when feeding EH at all 3 feeding levels, with DMI of 12.1, 9.4, and 6.4 kg/d, respec- tively. The daily NDF intake was greater (P ≤ 0.005) for hay compared to silage at all feeding levels. The numerically greatest NDF intake was found for EH at all feeding levels, with NDF intake of 5.3, 4.1, and 2.8 kg/d, respectively. The greater DMI of the early harvest grass/ clover was expected because of the lower NDF content. The NDF ad libitum intake was 0.67%, 0.70%, 0.89%, and 1.03% of BW daily for ES, LS, LH, and EH, respectively. Intake of 1.1% of BW daily as forage NDF appears close to maximal intake according to Randby et al. (2010) , who found a maximal intake of forage NDF of 1.1% of BW daily in growing bulls fed grass silage cut at 3 stages of growth with and without supplementation of concentrate. Consequently, for ES and LS, the intake was most likely metabolically constrained.
Rumination Time
The numerically lowest accumulated daily rumination time, based on 90% feeding levels recorded by JM, was found in heifer 1 fed EH, with a daily rumination time of 342 min/d. The same applied for rumination time recorded by RMS, with 294 min/d. The numerically greatest daily rumination time recorded by JM was found for heifer 2 fed LH, with 492 min/d, and the numerically greatest rumination time recorded by RMS was found for heifer 2 fed LH, with 570 min/d (Table 3) . As expected, feeding forage with greater NDF content resulted in the numerically greatest rumination time, confirmed by other studies (Beauchemin and BuchananSmith, 1989; Nørgaard et al., 2010 ). In addition, the level of rumination time recorded by JM was in accordance with other studies (Oshio, 2001 ; Kornfelt et al., 2013) . Further, the lowest SEM was found when recording rumination time by JM. The individually adjusted feed amounts allocated to each heifer regardless of feeding level presumably contributed to the variation in the RT JM24 between heifers fed the same forage.
Validation of RMS
Feeding EH, LS, and LH had a small effect on Diff 2 , with rumination time recorded by the RMS being 3.4 (P < 0.001), 1.1 (P = 0.03), and 3.3 (P < 0.001) min per 2-h interval greater, respectively, compared to rumination time recorded by JM ( Table 4 ). The effect of these forage types might be related to different stages of maturity at harvest and loss of leafy plant materials during wilting of the hay crops, which leads to different NDF content and physical characteristics of the structural fiber of the forages. Consequently, this may have led to louder chewing sounds during feed consumption, interfering with the ability of the RMS to identify rumination behavior. However, not knowing the exact algorithm behind the RMS, this theory cannot be fully confirmed.
Feeding 90% and 60% of ad libitum had a similar effect on Diff 2 , with differences between rumination time recorded by RMS and JM of 2.6 (P < 0.001) and 1.6 (P = 0.01) min per 2-h interval, respectively. Dias et al. (2011) found that feeding hay restrictively to steers resulted in fewer JM per minute of rumination with increasing restrictive feeding. Luginbuhl et al. (1989) found increasing time between RC (intercycle time) with increasing restrictive feeding. Here, longer intercycle time and fewer JM per RC might be part of the explanation behind the restrictive feeding effect on Diff 2 . However, irregular behavior such as licking and biting the trough was frequent behavior for the heifers when feeding restrictively at 90% and 60% of ad libitum. Consequently, sounds related to these behaviors might have influenced the RMS, leading to greater rumination time recorded by the RMS compared to JM. Time of day, separated into Feeding time, Daytime, and Nighttime, impacted Diff 2 , with a greater rumination time recorded by RMS compared to JM of 2.2 (P < 0.001) and 3.5 (P < 0.001) min per 2-h interval during Feeding time and Nighttime, respectively. During Daytime, rumination time recorded by RMS was lower compared to JM, with Diff 2 = -1.2 (P = 0.015) min per 2-h interval. The time spent ruminating (minutes per 2-h interval) recorded by JM methods appears to be greatest during Nighttime and least during Feeding time (Fig. 2) , corresponding to diurnal rumination patterns when feeding twice daily, as found by Woodford and Murphy (1988) , Krause et al. (2002) , Adin et al. (2009), and Schirmann et al. (2012) . At 90% and 60% of ad libitum feeding levels, the heifers usually consumed the majority of the allocated feed during the Feeding time interval. Consequently, the greater Diff 2 values during Feeding time intervals might be explained by interference from sounds related to feed intake or the licking and biting of the trough after feed consumption. During the Nighttime interval, lying behavior and rumination time usually coincide. Acatincăi et al. (2010) observed that cattle from 2100 to 0700 h mainly ruminated in a lying position, whereas half of the rumination behavior was observed in standing cattle during daytime. The same is expected to apply in this study. In relation to this, the anatomical configuration of the neck of the cow changes between standing and lying positions, as the neck broadens when the heifer is lying down. In relation to the sensor, this might result in a closer connection between the neck and the sensor when the heifer is lying down, stretching the nylon collar the sensor is attached to. The opposite relation might be the case during standing, explaining a negative Diff 2 during the Daytime interval, where the heifers are assumed to ruminate as much standing as lying down.
Zero, 1, 2, and 3 RB per 2-h interval increased Diff 2 by 1.7 to 2.5 min per 2-h interval (P ≤ 0.003), whereas ≥4 RB per 2-h interval decreased Diff 2 (-2.6 min per 2-h interval; P = 0.01). During Nighttime, 2 and 3 RB per 2-h interval constituted by far the largest percentage of total rumination time to Feeding time and Daytime (Fig. 2) . During Daytime, the proportion of ≥4 RB per 2-h interval constituted a larger part compared to the other time intervals (Fig. 2 ). An increasing number of RB is related to shorter RB. This might be explained by more activity surrounding the heifers during Daytime intervals as a result of checking of equipment and further recordings, although such activity was kept to a minimum. The lower rumination time recorded by the RMS compared to JM might be explained by a failure to detect very short rumination periods during Daytime.
The interaction between time of day and forage type entailed greater Diff 2 at Feeding time when feeding EH and LS of 3.9 (P < 0.001) and 2.9 (P = 0.006) min/2-h interval, respectively. During Nighttime Diff 2 was 5.6 (P < 0.001), 1.6 (P = 0.03), and 6.1 (P < 0.001) min/2-h interval when feeding EH, LS and LS, respectively. During Daytime when feeding ES Diff 2 was -2.3 (P = 0.03; Fig. 3 ). This relates to the findings of the main effect of forage type. Furthermore, the analysis showed an interaction between heifer and forage type. The largest Diff 2 was found on heifer 3 when feeding LS, with Diff 2 of 10.8 min per 2-h interval (P < 0.001). For heifer 3, fed all 4 forage types, RT RMS2_i was greater compared to RT JM2_i , with Diff 2 ranging from 3.7 to 10.8 min per 2-h interval (P < 0.001). Feeding grass/clover as silage to heifers 1, 2, and 4 had no effect or resulted in lower RT RMS2_i compared to RT JM2_i , with Diff 2 ranging from -3.4 to −0.2 min per 2-h interval. Interaction between heifer and forage type impacted Diff 24 , where for heifer 3, the RT RMS24 value was consistently greater compared to RT JM24 , and the largest Diff 24 was found feeding EH (139 min/d, P < 0.001; Table 5 ). In this study, 2 different RMS sensors were used on each heifer, but only 1 in each period, to rule out the possible effect of the sensor. The dissociation of heifer 3 is therefore more likely to be associated with a diverging pattern of rumination behavior compared to the behavioral pattern for which the algorithm of the RMS is developed. This might explain why rumination time recorded by the RMS compared to JM is greater.
The Pearson's correlation coefficients between RT RMS2_i and RT JM2_i was 0.91 (n = 1,005; P < 0.001; Fig. 4) , and between RT RMS24 and RT JM24 the correlation was 0.79 (n = 37; P < 0.001). Schirmann et al. (2009) found similar correlation coefficients between rumination time recorded by RMS and visual observation in 2-h intervals performed on Holstein dairy cows. Burfeind et al. (2011) found correlation ranging from r = 0.65 to r = 0.89 for calves and heifers from 25 to 282 d of age. The heifers used within this study were mature; therefore, the correlation between RT RMS2_i and RT JM2_i is not expected to be affected by the age of the heifers, as shown for young heifers in the former study. Recording rumination time by JM was considered the reference value of rumination time in this study and therefore was considered the true value of rumination time. However, identifying chewing behavior as eating, licking, or ruminating behavior can be difficult to determine in some situations. Consequently, recording of rumination time by JM might contain errors, which could have affected the validation of the RMS.
In conclusion, this study found rumination time recorded by the RMS in 2-h intervals and 24-h intervals to be strongly correlated with rumination time recorded by JM. However, an increasing proportion of NDF in the forage resulted in a greater rumination time recorded by the RMS compared to the rumination time recorded by JM. The same result applied when feeding the forage restrictively. In addition, for 1 of the 4 heifers used in the study, the RMS generally recorded greater rumination time compared to rumination time recorded by JM, especially when feeding forage with an increasing proportion of NDF. The results suggest that the RMS can record rumination time accurately, but with small deviations between the recorded and the actual rumination time, which are related to feed characteristics and feeding level. Further, individual variation between animals might occur. The results from this trial confirm previous validation results that rumination time can be recorded accurately by the RMS, including when validated at the 24-h level and applied to Jersey heifers. This result confirms that the equipment can be a useful tool in commercial dairy herds and in research facilities. Table 5 . Effects of the interaction between heifer and forage type on the difference in rumination time (Diff 24 ) recorded by the rumination monitoring system and jaw movements at 24-h intervals
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